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ABSTRACT 
The theory  and des ign  c r i t e r i a  f o r  monol i th ic ,  two-junction cascade s o l a r  
c e l l s  a r e  descr ibed .  The depa r tu re  from t h e  convent ional  s o l a r  c e l l  a n a l y t i c a l  
method and t h e  reasons  f o r  us ing  t h e  i n t e g r a l  form of t h e  c o n t i n u i t y  equat ions  
a r e  b r i e f l y  d iscussed .  The r e s u l t s  of des ign  op t imiza t ion  a r e  presented .  The 
energy conversion e f f i c i e n c y  t h a t  is  p red ic t ed  f o r  t h e  optimized s t r u c t u r e  is  
g r e a t e r  than  30% a t  300 K, AM0 and one sun. 
The a n a l y t i c a l  method p r e d i c t s  device  performance c h a r a c t e r i s t i c s  a s  a  
func t ion  of temperature.  I n  t h i s  paper ,  t h e  range i s  r e s t r i c t e d  t o  300 t o  
600 K. While t h e  a n a l y s i s  i s  capable  of determining most of t h e  phys i ca l  pro- 
ce s ses  occurr ing  i n  each of t h e  i n d i v i d u a l  l a y e r s ,  only t h e  more s i g n i f i c a n t  
device  performance c h a r a c t e r i s t i c s  a r e  presented.  
SYMBOLS 
rl conversion e f f i c i e n c y ,  % 
Dni '  Dpi e l e c t r o n  and h o l e  d i f f u s i o n  c o e f f i c i e n t ,  r e s p e c t i v e l y ,  i n  2 -1 
reg ion  i, cm s e c  
AEci, AEvi conduction and va lence  bandedge d i s c o n t i n u i t y ,  r e s p e c t i v e l y ,  
a t  x i n t e r f a c e ,  e V  i 
EG(xi) bandgap a t  x i i n t e r f a c e ,  eV 
E c i ,  Evi conduction and va l ence  bandedge, r e s p e c t i v e l y ,  a t  x i n t e r f a c e ,  i 
eV 
E~~ equi l ibr ium Fermi l e v e l ,  eV 
F V - I  s o l a r  c e l l  curve  f i l l - f a c t o r  
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J s c ~ '  J s c ~  shor t -c i rcui t  current  density of top and bottom c e l l s ,  
- 2 
respectively,  mA cm 
J JnO~'  POT e lect ron and hole sa tu ra t ion  current  components, respectively,  
-2 
of top c e l l ,  mA cm 
J 
' ~ o B '  pOB elect ron and hole sa tu ra t ion  current  components, respectively,  
of bottom c e l l ,  mA cm-2 
L Lni '  p i  e lect ron and hole d i f fus ion  length, respectively,  i n  region i, cm 
n n equilibrium and non-equilibrium elect ron concentration, poi' p i  
respectively,  i n  region i, cm -3 
- 3 
N ~ i y  N ~ i  acceptor and donor concentration, respectively,  i n  region i, cm 
P n ~ i y  'ni equilibrium and non-equilibrium hole concentration, respectively,  
-3 i n  region i, cm 
4 elect ronic  charge 
Rn iy  Rpi elect ron and hole in te rac t ion  parameter, respectively,  i n  region 
i, describing c a r r i e r  confinement 
-I 
s surface recombination veloci ty ,  cm sec 
T temperature, K 
photovoltage a t  maximum power points,  vo l t s  
voc 
open-circuit photovoltage, v o l t s  
x dis tance in to  cascade s t ruc ture ,  cm 
INTRODUCTION 
The cha rac t e r i s t i c s  and l imi ta t ions  of s i l i c o n  so la r  c e l l s  a r e  well  known. 
Maximum theore t ica l  e f f i c ienc ies  fo r  s i l i c o n  c e l l s  range a s  high a s  21% under 
AM0 spec t ra l  conditions [1,2],  although experimental values have remained below 
18% a t  i r r ad i a t i on  l eve l s  of one sun [3,4]. Studies have been conducted t o  
increase eff ic iency through the  reduction of surface r e f l ec t i on  l o s s ,  t he  use of 
n+-p and p+-n s t ruc tures  [5],  the  establishment of a bu i l t - in  f i e l d  i n  the  
"dead" surface layer  t o  improve spec t ra l  response and t o  reduce dark current  [6 ] ,  
and the  provision of a r e f l ec t i ve  surface [7 ]  and a re tarding f i e l d  a t  the  back 
contact in te r face  t o  reduce dark current  [a-121. Each of these improvements has 
increased s i l i con  c e l l  ef f ic iency,  but the  gains have not been su f f i c i en t  t o  
discourage invest igat ions  of a l t e rna t i ve  so la r  c e l l  materials .  Moreover, a t  
high i l lumination l eve l s  and elevated temperatures, the  app l icab i l i ty  of s i l i c o n  
c e l l s  i s  l i m i t e d  by a r a p i d  decrease  i n  e f f i c i e n c y  wi th  inc reas ing  tempera- 
t u r e  [3,4,13] .  
An i d e a l  s o l a r  c e l l  m a t e r i a l  w i l l  have a d i f f e r e n t  bandgap energy than  
s i l i c o n  and w i l l  absorb photons by d i r e c t  o p t i c a l  t r a n s i t i o n s .  Ma te r i a l s  wi th  
reasonable  d i f f u s i o n  l eng th  and d i r e c t  o p t i c a l  t r a n s i t i o n s  have h igh  e f f i c i e n c y  
because l o s s e s  due t o  incomplete absorp t ion ,  s p e c t r a l  response,  and dark  c u r r e n t  
a r e  improved. I f ,  i n  a d d i t i o n ,  t h e  m a t e r i a l  is  m e t a l l u r g i c a l l y  compatible w i th  
o t h e r  semiconductor m a t e r i a l s ,  monol i th ic  devices  may be  f a b r i c a t e d  wi th  window 
l a y e r s  [14] and minor i ty  c a r r i e r  confinement s t r u c t u r e s .  S i l i c o n  is  d i f f i c i e n t  
wi th  r e s p e c t  t o  t h e s e  c r i t e r i a .  
Most prominent among t h e  m a t e r i a l  a l t e r n a t i v e s  t o  s i l i c o n  a r e  t h e  111-V 
compound semiconductors. Major advantages of t h e s e  m a t e r i a l s  a r e  h ighe r  theo- 
r e t i c a l  e f f i c i e n c i e s  and improved temperature performance [1,2,13] .  
E f f i c i ency  c a l c u l a t i o n s  f o r  t h e  b ina ry  compounds (InP, GaAs, AlSb) w i th  
i d e a l  homojunctions and s t r u c t u r a l  c h a r a c t e r i s t i c s  have ind ica t ed  maximum v a l u e s  
of 25% o r  more [1,2,13].  Although he t e ro junc t ion  c e l l s  wi th  G a A s  a s  one of t h e  
m a t e r i a l s  appear t o  have most promise f o r  a c t u a l l y  approaching t h e o r e t i c a l l y  
pred ic ted  e f f i c i e n c y  va lues ,  it is  u n l i k e l y  t h a t  s ing le - junc t ion  c e l l s  f a b r i -  
ca t ed  from 111-V compounds w i l l  ever  achieve  e f f i c i e n c y  l e v e l s  above 22% a t  
300 K and a concen t r a t ion  of one sun. 
Few approaches a r e  a v a i l a b l e  f o r  i nc reas ing  t h e  conversion e f f i c i e n c y  of 
t h e  s ingle- junc t ion  s o l a r  c e l l  [15-201. This  a r i s e s  because t h e  s ingle- junc t ion  
c e l l  absorbs photons from only a p o r t i o n  of t h e  s o l a r  spectrum and i t  incom- 
p l e t e l y  u t i l i z e s  t h e  energy of those  photons t h a t  i t  absorbs.  Three 
approaches -- t h e  cascade c e l l ,  a mu l t ip l e -ce l l  beam s p l i t t i n g  system, and t h e  
thermophotovoltaic c e l l  -- have been proposed t o  i nc rease  e f f i c i e n c y  above t h a t  
of t h e  s ing le - junc t ion  c e l l .  I n  t h i s  paper, a t t e n t i o n  i s  d i r e c t e d  t o  t h e  mono- 
l i t h i c  cascade c e l l .  
The monol i th ic  cascade s t r u c t u r e  c o n s i s t s  of m u l t i p l e  l a y e r s  of d i f f e r e n t  
bandgap m a t e r i a l s  121-251. The p r o p e r t i e s  of 1 1 1 - V  compound semiconductors a r e  
such t h a t  t h e s e  m a t e r i a l s  a r e  w e l l  s u i t e d  t o  t h e  syn thes i s  of monol i th ic ,  
mul t ip le - junc t ion  c e l l s  having t h e o r e t i c a l  e f f i c i e n c y  va lues  approximately 50% 
higher  than  s ingle- junc t ion  G a A s  s o l a r  c e l l s .  The cascade c e l l  may be  f a b r i -  
ca ted  t o  ope ra t e  a s  a two-terminal device ,  o r  t h e  c e l l s  may be  opera ted  
s e p a r a t e l y  a s  a th ree- te rmina l  device  [21] .  I n  t h i s  paper,  t h e  two-terminal 
device  i s  discussed.  
The monol i th ic  cascade s o l a r  c e l l  d i scussed  i s  a two-junction device ,  bu t  
u n l i k e  a mechanically s tacked conf igu ra t ion ,  i t  avoids  t h e  l a r g e  l o s s e s  
a s soc i a t ed  wi th  m u l t i p l e  o p t i c a l  i n t e r f a c e s  [21-241. A s  depic ted  i n  F igure  1, 
t h e  c e l l  c o n s i s t s  of wide ( top)  and narrow (bottom) bandgap junc t ions  joined 
e l e c t r i c a l l y  through a t unne l  j unc t ion  formed a s  a n  i n t e g r a l  p a r t  of t h e  mono- 
l i t h i c  s t r u c t u r e ,  This  mu l t i l aye r  device  inco rpora t e s  t h e  d e s i r a b l e  f e a t u r e s  
of he t e ro junc t ion  and graded bandgap des igns  i n  a s i n g l e  i n t e g r a t e d  u n i t .  The 
a c t i v e  l a y e r s  cons i s t  of 1 1 1 - V  te rnary  compounds se lec ted  so a s  t o  achieve t h e  
desired bandgap i n  each junction a s  w e l l  a s  t o  i d e a l l y  minimize l a t t i c e  mismatch 
between t h e  various layers .  The cascade s t r u c t u r e  may be fabr ica ted  on a sub- 
s t r a t e ,  such a s  G a A s ,  using l i q u i d  phase epitaxy (LPE) o r  vapor phase epitaxy 
(VPE) technology. Compositional grading may be employed between t h e  subs t ra te  
and the  a c t i v e  l ayers  t o  avoid problems associated with l a t t i c e  mismatch. 
Design optimization s t u d i e s  of t h i s  s t r u c t u r e  have resu l t ed  i n  very promising 
c h a r a c t e r i s t i c s  a s  described i n  t h i s  paper [21-241. The optimum bandgap combi- 
nat ion,  ma te r i a l s  and/or a l l o y s  used i n  the  a c t i v e  l ayers ,  and o the r  design 
parameters a r e  funct ions  of t h e  operat ing condit ions.  The bandgap energies,  
f o r  example, increase  f o r  c e l l s  optimized f o r  high temperature operat ions.  
COMPUTER MODELING RESULTS 
I n  t h i s  sec t ion  we present  and discuss  some of t h e  r e s u l t s  of the  computer 
modeling. The mate r i a l s  se lec ted  and t h e  s t r u c t u r e  design a r e  optimized f o r  
operat ion a t  300 K under AM0 s p e c t r a l  condit ions and f o r  one sun. While the  
computer program provides much information r e l a t i n g  t o  terminal c h a r a c t e r i s t i c s  
and i n t e r n a l  phenomena, only the  more s i g n i f i c a n t  r e s u l t s  a r e  presented i n  t h e  
i n t e r e s t  of brevi ty .  
Optimized Band Structure  
The band s t r u c t u r e  shown i n  Figure 2 and t h e  corresponding l i s t i n g  of the  
design parameters presented i n  Table 1 provide the  optimized s t r u c t u r e  obtained 
from the  computer modeling--i.e., t he  design parameters giving t h e  maximum 
eff ic iency f o r  operat ion a t  300 K, AMO, and one sun [21-241. Region 1 serves 
a s  the  window layer ,  regions 2 and 3 form t h e  top c e l l  homojunction, regions 4 
and 5 the  tunnel  junction,  regions 6 and 7 t h e  bottom c e l l  homojunction, and 
region 8 t h e  subs t ra te .  I n  t h e  following discussion,  the  AlGaAs-GaInAs 
mater ia ls  combination i s  se lec ted .  While the  s t r u c t u r e  contains seven a c t i v e  
layers ,  t h e  l o s s  due t o  incomplete absorption i n  t h e  top c e l l  is  neg l ig ib le  so 
t h a t  the  tunnel  junction i s  o p t i c a l l y  inac t ive .  However, i f  the  tunnel  junction 
bandgap i s  made smaller than t h e  top c e l l  bandgap, i t  w i l l  become o p t i c a l l y  
a c t i v e  and produce a photovoltage t h a t  i s  i n  opposit ion t o  t h e  photovoltage 
produced by the  top and bottom c e l l s .  The e f f e c t  of the  photovoltage generated 
i n  t h e  tunnel  junction i n  such a design may be minimized by making the  n+ and p+ 
tunnel  junctions l e s s  than 0.5 pm. When t h e  n+ and p+ regions exceed 1.0 pm and 
the  bandgap value is l e s s  than 0.3 eV less than t h e  top c e l l ,  t h e  cascade c e l l  
e f f ic iency i s  reduced t o  a value lower than t h e  top c e l l  operat ing a s  a s ingle-  
junction c e l l .  Therefore, t o  insure  maximum ef f i c iency ,  t h e  tunnel  junction 
bandgap should be equal t o  o r  g rea te r  than t h e  top c e l l  bandgap. 
The window layer  shown has a b u i l t - i n  f i e l d  i n t e n s i t y  of 3000 ~ c m - l ,  but  
the  influence of t h e  f i e l d  on e f f i c iency  is small because i t  is t h i n  ( i . e . ,  
0 .1  pm), i t s  bandgap i s  s i g n i f i c a n t l y  l a r g e r  than t h e  top c e l l  bandgap, and t h e  
conduction bandedge discont inui ty ,  AEcl,  confines minority e lec t rons  t o  region 2. 
The confinement markedly reduces t h e  dark cur ren t  while t h e  f i e l d  i n t e n s i t y  i n  
the  window layer  plays a minor r o l e  i n  reducing dark current .  Photon absorption 
i n  the  window layer  i s  minimized f o r  maximum ef f i c iency  through t h e  se lec t ion  of 
i t s  thickness and bandgap value a t  t h e  surface.  
Similarly,  t h e  valance band discont inui ty ,  Ah3 ,  a t  x3 confines minority 
holes t o  region 3, thereby increasing s p e c t r a l  response and reducing t h e  hole  
contr ibut ion t o  dark current .  While A%3 is influenced by the  choice of the  
tunnel junction bandgap, t h e  tunnel  junction bandgap is made a s  small a s  pos- 
s i b l e  because of t h e  d i f f i c u l t y  i n  obtaining a tunnel  junction i n  wider bandgap 
mater ia ls .  Our r e s u l t s  show, however, t h a t  f o r  e f f e c t i v e  c a r r i e r  confinement, 
the  minori ty c a r r i e r  bandedge d i s c o n t i n u i t i e s  surrounding a homojunction s o l a r  
c e l l  should be 6 kT t o  7 kT. Beyond 7 kT, t h e  dark current  approaches an  
asymtotic value.  Similar statements may be made f o r  AEc5 and A q 7  with respect  
t o  the  lower bandgap c e l l  [21-241. 
I n  order f o r  t h e  minority c a r r i e r  bandedge d i s c o n t i n u i t i e s  t o  be e f f e c t i v e  
i n  reducing dark current ,  t h e  minority c a r r i e r  d i f fus ion  lengths must be g rea te r  
than t h e i r  respect ive  l ayer  thicknesses. Typically i n  t h e  mate r i a l s  considered 
here, the  d i f fus ion  lengths  a r e  severa l  times g rea te r  than the  l a y e r  thicknesses.  
The computer prdgram determines the  optimum thickness t o  obta in  maximum e f f i -  
ciency. 
The two-terminal cascade c e l l  requires  t h a t  t h e  terminal  cu r ren t  must pass 
through each of the  th ree  junctions. This requirement s t rongly  a f f e c t s  the  
choice of mater ia ls ,  predominantly through the  bandgap combination. The 
terminal operat ing current  is  obtained by maximizing conversion ef f ic iency.  
The band s t r u c t u r e  t h a t  r e s u l t s  from t h e  modeling makes the  top and bottom 
c e l l s  "po ten t i a l  wells" f o r  minority c a r r i e r s  produced by photon absorption a s  
wel l  a s  f o r  the  dark current  in jec ted  c a r r i e r s  [21]. This condit ion is obtained 
from the  i n t e g r a l  form of t h e  cont inui ty  equation used i n  t h e  ana lys i s  which 
r e s u l t s  i n  t h e  V - I  s o l a r  c e l l  equation and because i n  the  a n a l y t i c a l  treatment, 
the  band s t r u c t u r e  d e t a i l s  described above a r e  incorporated. Thus, i n  one 
re la t ionsh ip  most of t h e  s i g n i f i c a n t  parameters which strongly a f f e c t  con- 
version e f f i c iency  a r e  included. 
Voltage-Current Relationship 
The a n a l y t i c a l  method employed here  gives the  V - I  s o l a r  c e l l  equation f o r  
the  cascade c e l l ,  including t h e  vol tage  drop across the  tunnel junction which is 
required t o  conduct t h e  terminal  current .  Should t h e  tunnel junction produce a 
photovoltage, the  sum of t h e  photovoltage and the  vol tage  drop required t o  con- 
duct the  terminal  current ,  i n  the  absence of a photovoltage, must be subtracted 
from the  sum of t h e  top and bottom c e l l  photovoltages. The V - I  r e l a t ionsh ip  of 
t h e  cascade c e l l  is  used t o  c a l c u l a t e  the  power a t  t h e  maximum power point  from 
which t h e  conversion e f f i c iency  i s  obtained. This is the  foca l  point  of the  
a n a l y t i c a l  method and t h e  corresponding computer program. I n  an optimally 
designed c e l l ,  t h e  current  a t  t h e  maximum power point  of t h e  cascade c e l l  is  
near ly  i d e n t i c a l  t o  t h e  current  a t  t h e  maximum power points  of t h e  V-I  curves of 
the  individual  c e l l s .  This manifests i t s e l f  through nearly equal shor t -c i rcu i t  
currents  and r e l a t i v e l y  small d i f ferences  i n  dark cur ren t s  of top and bottom 
c e l l s  over a wide range of temperature. 
The temperature dependencies of t h e  m a t e r i a l  parameters (mobi l i ty ,  bandgap, 
c a r r i e r  concent ra t ion ,  r e l a t i v e  occupat ion of e l e c t r o n s  i n  d i r e c t  and i n d i r e c t  
conduction band minima, e t c . )  a r e  included i n  t h e  computer program. Temperature 
e f f e c t s  on t h e  s o l a r  c e l l  V - I  curve are mani fes t  through changes i n  Vmp, Voc ,  F,  
and t o  a l e s s e r  degree, Jsc. While c a l c u l a t i o n s  were performed a t  s u r f a c e  
recombination v e l o c i t i e s  of 0 ,  106, and 107 cm sec-1, a l l  c a l c u l a t i o n s  a r e  
represented  f o r  106 cm see-1. 
The fami ly  of V - I  curves f o r  t h e  optimized cascade c e l l  is  shown i n  
6 F igure  3,  w i th  temperature a parameter,  and f o r  a 10  cm sec-' s u r f a c e  recombi- 
n a t i o n  v e l o c i t y .  It is seen  t h a t  t h e  photovoltage a t  t h e  maximum power po in t  
and t h e  open-circui t  v o l t a g e  are s t r o n g  func t ions  of temperature,  whi le  t h e  
s h o r t - c i r c u i t  c u r r e n t  i s  nea r ly  independent of temperature.  The shape and t h e  
temperature dependence of t h e  cascade s o l a r  c e l l  V - I  curves e x h i b i t  behavior  
similar t o  t h a t  of a s i n g l e  s o l a r  c e l l  wi th  a s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  of 
approximately 30 mA cm2, a n  open-c i rcu i t  v o l t a g e  of 1.75 v o l t s ,  and a n  apparent  
bandgap v a l u e  of approximately 2.57 eV ( i . e . ,  t h e  sum of t h e  bandgaps of top  and 
bottom c e l l s ) .  Each p o i n t  on t h e  V - I  curve r e p r e s e n t s  t h e  sum of t h e  photo- 
v o l t a i c  vo l t ages  of t op  and bottom c e l l s  minus t h e  tunnel  j unc t ion  v o l t a g e  drop, 
a l l  f o r  a g iven  t e rmina l  c u r r e n t .  These curves  show t h a t  t h e  open-c i rcu i t  
v o l t a g e  i s  approximately 1.75 t i m e s  t h a t  of a s ingle- junc t ion  GaAs s o l a r  c e l l  
and more than  t h r e e  times t h a t  of S i  c e l l s .  
Lower s u r f a c e  recombination va lues  i nc rease  t h e  s h o r t - c i r c u i t  c u r r e n t ,  and 
h igher  va lues  of recombination reduce t h e  c u r r e n t  whi le  photovoltage changes a r e  
cons iderably  smal le r  because of t h e i r  logar i thmic  dependence on c u r r e n t .  This  
behavior i s  a l s o  observed on a s ing le- junc t ion  s o l a r  c e l l .  
Bandgap Combination 
To i l l u s t r a t e  t h e  in f luence  of bandgap va lues  on e f f i c i e n c y ,  a l low e i t h e r  
t h e  top  o r  bottom bandgaps t o  change wh i l e  main ta in ing  t h e  o t h e r  cons t an t .  
F igure  4 shows t h e  e f f i c i e n c y  vs .  t h e  top  c e l l  bandgap whi le  t h e  bottom bandgap 
is  he ld  cons t an t  a t  0.954 eV; F igure  5 a l lows  t h e  bottom bandgap t o  change whi le  
t h e  top  c e l l  bandgap i s  he ld  cons t an t  a t  1.62 eV. 
I n  F igu re  4, maximum e f f i c i e n c y  occurs  a t  a bandgap va lue  of 1.62 e V  f o r  
t h e  top  c e l l .  For a s u r f a c e  recombination v e l o c i t y  lower than  106 cm sec- l ,  t h e  
optimum bandgap v a l u e  s h i f t s  t o  h igher  va lues ,  and f o r  h ighe r  recombination 
v e l o c i t y  t h e  s h i f t  is  t o  lower bandgap va lues .  On e i t h e r  s i d e  of 1.62 eV, t h e  
e f f i c i e n c y  drops r ap id ly .  I n  t h e  low bandgap reg ion ,  t h e  s l o p e  is  r e l a t i v e l y  
cons tan t  and i t s  va lue  i s  approximately 46%/eV, wh i l e  beyond 1.7 e V ,  t h e  s lope  
is  approximately 30%/eV. The s l o p e  i n  t h e  low bandgap reg ion  is more than  50% 
g r e a t e r  than  i t  i s  i n  t h e  high bandgap region.  
Maximum e f f i c i e n c y  i n  F igure  5 occurs  a t  0.954 e V ,  r ep re sen t ing  t h e  optimum 
bottom c e l l  bandgap va lue .  This  optimum va lue  i s  i n s e n s i t i v e  t o  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t y  and t o  a i r  mass from AM0 t o  AM5 [26].  On e i t h e r  s i d e  of t h i s  
maximum, t h e  e f f i c i e n c y  decreases  wi th  n e a r l y  cons t an t  s lopes .  The s l o p e  below 
0,954 eV i s  17.5%/eVY which i s  cons iderably  smaller than  t h e  va lue  above 0.954 eV 
which i s  49%/eV. The former is lower wh i l e  t h e  l a t t e r  is  h igher  than  e i t h e r  
s lope  g iven  i n  F igure  4. 
The curves  i n  F igures  4 and 5 show t h a t  decreas ing  t h e  bottom c e l l  bandgap 
from i t s  optimum va lue ,  wh i l e  main ta in ing  a l l  o t h e r  design parameters a t  t h e i r  
optimum values ,  r e s u l t s  i n  a small decrease  i n  cascade e f f i c i e n c y .  However, 
i nc reas ing  t h e  top  c e l l  bandgap from i t s  optimum v a l u e  produces a l a r g e r  de- 
c r e a s e  i n  e f f i c i e n c y .  I f  e i t h e r  t h e  bottom c e l l  bandgap i s  increased  o r  t h e  top  
c e l l  bandgap i s  decreased,  whi le  holding a l l  o t h e r  des ign  parameters a t  t h e i r  
optimum values ,  a n  equa l ly  sharp  drop i n  e f f i c i e n c y  r e s u l t s .  This  is substan- 
t i a t e d  by comparing t h e  s l o p e  i n  F igu re  4 below 1.62 eV wi th  t h e  s lope  i n  
F igure  5 above 0.954 eV. The s l o p e s  a r e  n e a r l y  equal ,  being 46%/eV f o r  t h e  
former and 49%/eV f o r  t h e  l a t t e r .  
Reducing t h e  bottom c e l l  bandgap se rves  t o  i n c r e a s e  t h e  photon f l u x  ab- 
sorbed, t o  i nc rease  t h e  s h o r t - c i r c u i t  c u r r e n t ,  and t o  reduce t h e  photovoltage. 
This  does n o t  change t h e  top  c e l l  t e rmina l  ope ra t ing  c u r r e n t  s i g n i f i c a n t l y .  
Therefore,  t h e  r educ t ion  i n  e f f i c i e n c y  a r i s e s  through a smal le r  c o n t r i b u t i o n  t o  
t h e  cascade e f f i c i e n c y  from t h e  bottom c e l l .  Increas ing  t h e  top c e l l  bandgap 
reduces t h e  photon abso rp t ion  i n  t h e  top  c e l l ,  reducing i t s  s h o r t - c i r c u i t  bu t  
i nc reas ing  i t s  photovoltage. There is  a r educ t ion  i n  e f f i c i e n c y  i n  t h e  bottom 
c e l l ,  because of a mismatch i n  maximum power po in t  ope ra t ing  c u r r e n t  between top  
and bottom c e l l s ,  b u t  a  smal le r  decrease  i n  t h e  top  c e l l .  
Layer Thickness 
The behaviors  of t h e  top  and bottom c e l l s  w i th  r e spec t  t o  t h e  th ickness  of 
t h e  n- and p-type r eg ions  a r e  s i m i l a r .  While i n  t h i s  p re sen ta t ion  t h e  bottom 
c e l l  behavior i s  d iscussed ,  t h e  r e s u l t s  apply equa l ly  a s  w e l l  t o  t h e  top  c e l l  
behavior .  F igure  6 shows t h e  e f f e c t  on e f f i c i e n c y  when varying t h e  r a t i o  of t h e  
p-type l a y e r  t o  t h e  t o t a l  t h i ckness  of t h e  p- p lus  n- layers  of t h e  bottom c e l l .  
The e f f i c i e n c y  e x h i b i t s  a  peak a t  a r a t i o  of 0.35 f o r  t h e  bottom c e l l .  I n  t h e  
top  c e l l  t h e  peak e f f i c i e n c y  occurs  f o r  a  r a t i o  of 0.445. For low va lues  of t h e  
r a t i o ,  t h e  r a t e  of i n c r e a s e  of e f f i c i e n c y  is  g r e a t e r  i n  magnitude than t h e  
magnitude of t h e  r a t e  of decrease  f o r  h igh  r a t i o s .  This  resu1t.s because f o r  low 
r a t i o s ,  t h e  incomplete abso rp t ion  l o s s  predominates and se rves  t o  s i g n i f i c a n t l y  
reduce e f f i c i e n c y .  
The form of da rk  c u r r e n t  components i s  given by 
f o r  t h e  e l e c t r o n  c o n t r i b u t i o n  and 
f o r  ho le s ,  where t h e  s u b s c r i p t  i is  ass igned  t h e  va lue  T o r  B t o  denote t h e  top  
and bottom c e l l s ,  respect ively .  The i n t e r a c t i o n  parameter R n i y  r e l a t i n g  t o  
e lec t ron confinement i n  t h e  p-type region, increases with increasing p-type 
r a t i o ,  r e s u l t i n g  i n  increased contr ibut ion from photoexcited e lec t rons  t o  
shor t -c i rcu i t  current  ( i . e . ,  s p e c t r a l  response) and an increased contr ibut ion t o  
dark cur ren t  from in jec ted  e lec t rons .  Moreover, a s  the  p-type r a t i o  increases ,  
t h e  corresponding n-type r a t i o ,  (x7-x6)/(x7-x5), decreases,  r e s u l t i n g  i n  RpB 
decreasing. Therefore, the  hole contr ibut ion t o  normalized s p e c t r a l  response 
and dark current  i n  t h e  n-region a l s o  decrease a s  shown i n  Figures 6(b) and 6(c) .  
Figure 6(c)  shows t h e  e lec t ron normalized s p e c t r a l  response i n  t h e  p-type region 
t o  be lower than t h e  hole  normalized s p e c t r a l  response f o r  t h i n  p-regions. For 
th ick  p-regions, t h e  reverse i s  t rue .  
It should be noted that.maximum ef f i c iency  occurs i n  the  neighborhood where 
the  e lec t ron  and hole  contr ibut ions  t o  dark cur ren t  a r e  equal. This i s  t y p i c a l  
of s ingle-  o r  mul t i junct ion behavior where t h e  c e l l  s t ruc tu res  a r e  optimized. 
The second s e t  of ca lcu la t ions  allows t h e  t o t a l  thickness of the  n- plus 
the  p-region t o  increase.  Figure 7 r e l a t e s  t o  t h e  bottom c e l l .  The r a t i o  of 
the  p-layer t o  t h e  t o t a l  thickness of t h e  homojunction is  maintained a t  the  
optimum r a t i o  obtained and shown i n  Figure 6(a) .  For maximum ef f i c iency ,  t h e  
optimum t o t a l  thickness of the  top homojunction obtained i s  3.4 pm, a s  shown i n  
Figure 7(a) ;  and f o r  t h e  top c e l l  i t  i s  shown t o  be 1.8 pm. It is observed t h a t  
the  e f f i c iency  decreases sharply f o r  values  lower than the  optimum thickness i n  
Figure 7(a) .  This occurs because the  incomplete absorption l o s s  predominates i n  
both n- and p-type regions f o r  smaller thickness values,  but becomes neg l ig ib le  
f o r  l a r g e  thickness values.  The dark current  components increase  sharply f o r  
increasing values,  and beyond t h e  optimum thickness the  r a t e  of increase  becomes 
smaller,  a s  shown i n  Figure 7(b). Also, while incomplete absorption is t h e  
major l o s s  f o r  small thickness values,  both t h e  e lec t ron and hole  normalized 
s p e c t r a l  responses a r e  very high due t o  t h e  t h i n  n- and p-regions, a s  shown i n  
Figure 7 (c ) .  The absolute  s p e c t r a l  response, of course, increases  a s  the  homo- 
junction regions become th icker .  
SUMMARY AND CONCLUSIONS 
The so lu t ion  t o  t h e  i n t e g r a l  form of t h e  cont inui ty  equation r e s u l t s  i n  t h e  
V-I  s o l a r  c e l l  expression f o r  each of t h e  component c e l l s  a s  w e l l  a s  f o r  the  
cascade c e l l  a s  a u n i t .  The computer program determines t h e  design parameters 
f o r  maximum eff ic iency.  The ana lys i s  p red ic t s  a cascade c e l l  conversion e f f i -  
ciency i n  excess of 31% a t  300 K, AMO, and one sun. 
The cascade V-I  s o l a r  c e l l  curve behaves a s  i f  t h e  device is fabr ica ted  
from a s i n g l e  p-n junction.. The vol tage  a t  t h e  maximum power point  and t h e  open- 
c i r c u i t  vol tage  exh ib i t  values t h a t  suggest a bandgap value equal t o  t h e  sum of 
t h e  bandgaps of t h e  top and bottom c e l l s .  I n  con t ras t ,  t h e  current  a t  t h e  
maximum power point  and the  shor t -c i rcu i t  cu r ren t  values a r e  more c h a r a c t e r i s t i c  
of t h e  top c e l l  bandgap. 
The computer modeling p red ic t s  t h a t  maximum ef f i c iency  does not occur f o r  
maximum shor t -c i rcu i t  current  o r  f o r  minimum dark cur ren t ,  but occurs f o r  a s e t  
of design parameters between these  extremes. 'Maximum eff ic iency occurs f o r  t h i n  
window l a y e r s  <0.1 pm. The conduct ion bandedge d i s c o n t i n u i t y  a t  t h e  window 
l a y e r  h e t e r o i n t e r f a c e  h a s  a marked e f f e c t  on e f f i c i e n c y  and r e s u l t s  i n  t h e  
window l a y e r  b u i l t - i n  f i e l d  having a s m a l l  i n f luence .  
E f f i c i ency ,  photovol tage,  da rk  c u r r e n t ,  f i l l - f a c t o r ,  and s p e c t r a l  response 
a r e  shown t o  e x h i b i t  temperature  dependencies similar t o  t hose  of s i ng l e -  
j unc t ion  s o l a r  cel ls .  
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TABLE I. - DESIGN PARAMETERS OF OPTIMIZED BANDSTRUCTURE 
DESIGN PARAMETER 3OOK DESIGN PARAMETER 300 K 
EGIO! 1.83 eV XI ai ,ern 
EG(Xl) 1.80 X2-X1 a 8  
EG(X2), EG(X3) 1.62 '3-'2 1.0 
EGlX4), EGlX5) 1.62 X4 - X3 0.1 
EGlX6), EG(X7) 0654 x 5  - x4  a1 
EG(XI1 1.439 '6-'.5 12 
E ~ o  - %I 0.07 '7-'6 22 
E ~ o  - En2 0.129 N~ l  l 0 l 8  cm3 
Ee - E ~ o .  0.037 N ~ 2 .  '03 10~' 
Ed - E ~ ~  - 0242 ND4.N~5 loz0 
E ~ o  - Ev5 0.004 N ~ 6 *  ND7 lo t7  
E ~ o  - '"6 0.119 log7 
Ec7 -E  Fo 0.037 
Eta ( I - ~ F O  0.061 
A 0.239 
A %I 0.059 
A Ec3 0279 
A En3 0279 
A E~ 0.781 
A E ~ 5  0.115 
A Ec7 0024 
A 5 7  0.461 
(a) PHYSICAL STRUCTURE 
TUNNEL 
TOP CELL JUNCTION BOTTOM CELL 
(b) ENERGY BAND STRUCTURE 
Figure 1.- Monol i th ic two-junction solar cell. 
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Figure 2.- Band st ructure of two-junction, voltage-aiding, two-terminal cascade 
solar cell. 
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Figure 3.- Cascade solar cel l  V-l  curve wi th temperature a parameter and for s = l o 6  
cm sec-I AM0 o n  a st ructure optimized for 300 K operation and AMO. 
TOP CELL BANDOAP IN eV 
Figure 4. - Conversion efficiency as function of bandgap of top cell for optimized structure. 
IN BOTTOM CELL. BANDGAP IN sV 
Figure 5. -Conversion efficiency as function of bandgapof bottom cell for optimized structure. 
MAXIMUM EFFICIENCY 
Figure 6 .  (a) Cascade c e l l  efficiency, (b) electron and hole 
saturation current values of the bottom c e l l ,  and 
(c) electron and hole normalized spectral response 
of the bottom c e l l  vs .  the rat io  of the p-layer 
thickness t o  the total  thickness of -the bottom 
c e l l  homo j unction. 
MAXIMUM EFFICIENCY 
0.B 
0 2 4 6 8 
( X7 - X5 IN MICROMETERS 
Figure 7 .  (a) Cascade c e l l  efficiency, (b) total saturation current of 
the bottom c e l l ,  and (c) electron. and hole no-lized spectral 
response of the bottom c e l l  vs. the total thickness of the 
bottom c e l l  homo junction. 
